ABSTRACT
INTRODUCTION
Although antibodies are centrally important components of the immune systems of vertebrates 1 we understand little about the thermodynamics of these proteins binding to their antigens. 2 We know surprisingly little about the reasons antibodies have the structures they do; in particular, the reasons that the binding regions of all antibodies are dimers (i.e., two Fab domains), or multiples of dimers. Why dimers? Why not a tightly binding monomer? Or a trimer? There is no clear molecular rationale that leads to the conclusion that two Fab regions provide the best Darwinian solution to the problems in "molecular defense" posed to the immune system.
In trying to understand why all antibodies have at least two binding sites, we want to understand, quantitatively, the thermodynamics of association between antibodies and their antigens (both monovalent and polyvalent). Understanding the mechanism and thermodynamics that determines the free energy of the association between antibodies and multivalent antigens could, we believe, serve three purposes: i) it could help to answer the biochemical question of the reason for bi-or oligovalency in antibodies, 3 ii) it could contribute broadly to understanding oligovalency in molecular biology, 4, 5 iii) it could help in the design of inhibitors of oligovalent interactions, including those involving antibodies. 6, 7 In particular, we are interested in the advantage, if any, that bivalency in antibodies affords to the thermodynamics of binding to antigen over that of a monovalent interaction-that of Fab to antigen.
This paper describes a system-a synthetic dimer of carbonic anhydrase (which we call a "dimer of CA", or "(CA) 2 ") and a series of bivalent benzenesulfonamides connected by oligo-sarcosine linkers (LRL where L is a derivative of benzenesulfonamide)-that we use to model the thermodynamics of association between bivalent antibodies and multivalent antigens (Scheme 1). This synthetic dimer of CA is inspired by the structure of immunoglobulins, and formed by linking two site-specific mutants of human carbonic anhydrase II (HCAII, EC 4.2.1.1) (Figure 1 ). We test the influence of the length of the oligo-sarcosine linker joining the two sulfonamide moieties (LRL) on the strength of the interaction between the synthetic dimer of CA and these sulfonamide ligands.
We recently reported that dimers of CA bound less strongly to ligands immobilized on a surface than would be expected from a simple theory. 3 This theory predicts the change in free energy (ΔG°a vidity ) for the bivalent association of (CA) 2 to bivalent ligands would be twice the change in enthalpy for the monovalent interaction (ΔH°m ono ) plus the change in entropy for a single monovalent interaction (TΔS°m ono ) (eq 1). 8 In this work, we designed and synthesized a series of bivalent ligands (LRL) with mono mono avidity T 2°Δ −°Δ =°Δ S H G (1) the goal of maximizing the strength of association between LRL and (CA) 2 .
Surprisingly, but also consistent with our previous findings, the strength of association of these ligands to (CA) 2 (ΔG°a vidity ranging from -14 to -16 kcal mol -1 ) is again much less than the simplest theory predicts (predicted ΔG°a vidity = -19 kcal mol -1 ). Additionally, we found that varying the length of the linker connecting the arylsulfonamides led only to small, but significant, differences in the free energies of bivalent binding of LRL to (CA) 2 : the free energies of binding for six bivalent ligands to (CA) 2 (ΔG°a vidity ranging from -14 to -16 kcal mol -1 ) were all within 2 kcal mol -1 of each other, despite an end-toend distance ranging from 31 Å to 69 Å (21 to 41 rotatable bonds).
Schweitzer-Stenner and coworkers quantified the association between monoclonal anti-DNP IgE and a series of bivalent DNP ligands of different lengths (14 Å to 160 Å) using fluorescence titrations. 9 They inferred that the longer ligands (145 Å and 160 Å)
were capable of binding bivalently, although weakly, to IgE (enhancements, defined as K d mono / K d avidity , of 7 to 20 unitless), while the shorter ligands (<132 Å) formed cyclic complexes comprising two antibodies and two ligands with enhancements of 100 to 600.
In a series of papers, the Baird group quantified the interaction of antibodies and multivalent ligands often using bivalent DNP ligands, anti-DNP IgE, and cells. [10] [11] [12] In one of these studies, Das and coworkers reported the synthesis of a series of bivalent DNP ligands with poly(ethylene glycol) (PEG) linkers (1, 3, and 10 kDa) and characterized their association to monoclonal anti-DNP IgE. 13 They found that cyclic, bivalent complexes can form from the combination of one bivalent ligand and one IgE and observed enhancements of 10 to 300. These results are consistent with those of Schweitzer-Stenner: "long" ligands can bridge the binding sites of single antibody and form intramolecularly-bound, cyclic complexes of one antibody and one L 2 . In related work, we characterized the complexes formed from mixtures of monoclonal anti-DNP IgG and a synthetic trivalent DNP ligand. 14 We characterized the stability of these species and found that complexes of two trivalent ligands (L 3 ) and three antibodies can form in a yield of ~ 90% with an enhancement of ~50.
Bivalent Benzenesulfonamide Ligands LRL and (CA) 2 Model Bivalency in
Antibodies. We are interested in defining the advantages that bivalent antibodies have over their monovalent counterparts, the Fab domain, both in vivo and in vitro, because we wish to modulate (to inhibit or to enhance) their binding to antigens. 15 We intend the combination of (CA) 2 and LRL to serve as a model with which to examine the biophysics and physical-organic chemistry of bivalency in antibodies. 
Intramolecular Binding of a Tethered Ligand-CA System. In studies aimed at understanding intramolecular interactions, we characterized the thermodynamics of binding for the association between the active site of CA and an arylsulfonamide ligand that was covalently tethered to the surface of HCA by oligo(ethylene glycol) linkers of different lengths (EG n , n = 0, 2, 5, 10, and 20; Chart1 and Scheme1b). 22 We characterized the strength of the intramolecular bond using a unitless dissociation 
In that system, the relationship between the intramolecular dissociation constant (values of M eff ranging from 0.8 to 26 mM) and the length of the flexible linker (ranging from 25 to 105 Å in extended length between the nitrogen of the sulfonamide and the disulfide bond connecting ligand to the protein) was quantitatively well-explained by a model that describes the linker as a random-coil polymer (eq 6 and Table 1 ). We inferred
from calorimetric studies that the length of the linker influenced the thermodynamics of binding exclusively entropically.
22
Dimers of CA Bind to Mixed SAMs Presenting Benzenesulfonamides. In studies aimed at understanding the binding of bivalent proteins to ligands on a surface, we developed five synthetic dimers of carbonic anhydrase and studied their interaction with benzenesulfonamide ligands presented at the surface of mixed self-assembled monolayers (SAMs) (Scheme 1c). 3 We prepared three dimers of CA having different (either near the active site (C133) or distal to the active site (C185)) had virtually no effect on the avidity of these dimers for the SAM.
Bivalent Interactions in Protein-Ligand Systems. In this paper, we focus on differences in the free energy (ΔG°) of binding of mono-and bivalent ligands to CA, and to a dimer of CA (Scheme 1a and 1d). Scheme 1d diagrams the association of (CA) 2 and LRL as a process that involves two steps. Equation 7 (by analogy to equation 3) describes the equilibrium constant for the association of LRL to (CA) 2 . A dimer of CA is
statistically four times more likely to bind a bivalent ligand as monomeric CA is to bind a monovalent ligand because (CA) 2 has two binding sites and LRL has two ligand moieties that can bind to CA. 23 The value of K d inter determines the change in free energy for the monovalent binding of (CA) 2 to LRL (eq 8).
A dimer of CA can, in principle, form an intramolecular noncovalent bond with a bivalent ligand in which the unoccupied active site of (CA) 2 ·LRL lin binds the second sulfonamide of LRL and forms (CA) 2 ·LRL cyc (Scheme 1d). At equilibrium, 2 K d intra equals the concentration of (CA) 2 ·LRL lin divided by the concentration of (CA) 2 ·LRL cyc (eq 9).
The overall strength of association between (CA) 2 and LRL is characterized by the avidity of this bivalent interaction (K d avidity , M) (eq 10 and Scheme 1d).
It follows from equations 2 and 5 that the change in free energy for the formation of a cyclic, bivalently bound structure (CA) 2 ·LRL cyc (ΔG°a vidity ) is given by equation 11.
The enhancement (β) is the ratio of the monovalent dissociation constant to the avidity, and can describe an increase or decrease in the strength of binding between (CA) 2 and LRL relative to that of CA and L (eq 12). 15 Values of β > 1 indicate that
(CA) 2 binds to LRL more strongly than (CA) 2 binds to L.
EXPERIMENTAL DESIGN
To characterize the binding of the dimer of CA to the series of bivalent ligands, we estimated values of ΔG°a vidity , because comparison of ΔG°a vidity with ΔG°m ono describes the energetic consequence of tethering together two benzenesulfonamides (here, with an oligo-sarcosine linker). In particular, we wanted to determine the dependence of ΔG°a vidity -our metric for the strength of bivalent binding-on the length of the linker joining the two benzenesulfonamides of the ligand.
We synthesized bivalent derivatives of benzenesulfonamides with oligo-sarcosine linkers with 0, 2, 4, 6, 8, 10 sarcosine units (LSar n L in Chart 1). We chose oligosarcosines as the linkers because they are typically more soluble in aqueous solutions than other peptides. 25 Oligomers of sarcosine show little non-specific binding to proteins because the N-methyl group prevents hydrogen bonding between the nitrogen of the amide and the carbonyl oxygens of the protein. 26 , 27 We selected the number of sarcosine units comprising the different linkers (n = 0, 2, 4, 6, 8, 10) to provide lengths (31 to 69 Å) that range from "similar to", to "larger than", the minimum distance required to bridge the active sites of the dimer of CA (~30 Å). We also employed a short bivalent ligand (25 Å) with a tri(ethylene glycol) linker (LEG 3 L in Chart 1). We hypothesized that LEG 3 L would not bind bivalently to the dimer of CA, because this ligand is shorter than the minimum distance between the binding sites of the dimer. We used LEG 3 L as a control of monovalent binding to which we compared the longer ligands of LSar n L.
Numerous complexes defined by different stoichiometries-represented by ((CA) 2 ) n ·(LRL) m -can, in principle, form from mixtures of (CA) 2 and LRL. 28 The tendency of multivalent systems of receptors and ligands to form complexes of different stoichiometry in the same solution, coupled with the difficulties in determining which complexes are formed, represents a significant barrier in the determination of the free energies of association of multivalent interactions. We conducted two assays (analytical ultracentrifugation (AUC) and a kinetic assay based on observing the dissociation of LRL from (CA) 2 ) that allowed us to determine the stoichiometry of ((CA) 2 ) n ·(LRL) m complexes. We used this information to construct a mathematical model that we fit to the data from a fluorescence displacement assay, ultimately extracting values of ΔG°a vidity for the series of LRL binding to (CA) 2 .
Analytical ultracentrifugation (AUC) is a solution technique that provides an
estimate of the molecular weights of proteins and their complexes with ligands. 29 We used AUC to estimate the molecular weights of CA, (CA) 2 , and mixtures of (CA) 2 and LRL and inferred from these measurements the coefficient n in ((CA) 2 ) n ·(LRL) m complexes. We then used the estimate of n to select a set of equations-a mathematical model-to describe the fluorescence displacement assay.
We developed a kinetic assay to follow the rate of dissociation of bivalent ligands from (CA) 2 in the presence of the monovalent inhibitor ethoxzolamide, which competes with LRL for the binding sites of (CA) 2 . This kinetic assay makes it possible to determine the valency of the interaction between (CA) 2 and LRL; that is, to determine the presence of intramolecular noncovalent bonds in these complexes. A dependence of the rate of dissociation of LRL from (CA) 2 on the concentration of ethoxzolamide corresponds to the presence of intramolecular non-covalent bonds in the (CA) 2 -LRL complexes, vide infra.
We followed the binding of (CA) 2 to bivalent ligands in the presence of the monovalent ligand dansylamide using a fluorescence competition assay. Dansylamide (DNSA) is weakly fluorescent in buffered solution, but becomes fluorescent upon binding to CA. 30 The intensity of the fluorescence of the solution is therefore proportional to the concentration of dimers with DNSA bound in their active sites. There are three advantages to this assay over alternative techniques: i) it is applicable to a wide variety of ligands that bind to the active site of CA, ii) it is applicable to all iso-types of CA and its mutants, and iii) it can be described by a mathematical model-i.e., an equation can be used to describe the equilibria and mass balance of the system-and can thus use the data (fluorescence binding isotherms) to provide estimates for the dissociation constants and the free energies. 22 Comparison of free energies binding of ligands with different lengths of linker to (CA) 2 is the focus of this paper.
RESULTS AND DISCUSSION
Synthesis and Characterization of Dimers of CA. We previously described the preparation of the synthetic dimer of human carbonic anhydrase II ((CA) 2 ) from a double mutant of HCAII. are in unstrained conformations that maximize this distance. We call this maximum distance the "extended length of the bivalent ligands", or Γ. We calculated Γ from molecular models of ligands using the software package Chem3D Pro by Cambridgesoft. We carried out sedimentation equilibrium experiments on a Beckman XL-I ultracentrifuge at rotor speeds of 8,000, 10,000 and 12,000 rpm, at 25 °C in order to verify that in mixtures of 925 nM (CA) 2 and 1 µM LRL, only complexes containing one molecule of (CA) 2 are formed at equilibrium (Figure 2 ). It is reasonable to assume that under these conditions the ligands are bound to active sites of (CA) 2 . This procedure yielded an estimated molecular weight of 58 ± 4 kDa for (CA) 2 (Table S1 ). This result is indistinguishable from the value of 58.385 kDa for (CA) 2 determined by mass spectrometry. The results of the AUC experiments support the conclusion that only complexes that contain one (CA) 2 and one LRL are observed in mixtures of (CA) 2 and LRL, when the concentration of (CA) 2 is 925 nM or less. We propose a mechanism consisting of several steps for LRL to dissociate from (CA) 2 in the presence of ethoxzolamide (Scheme 2). We also analyzed the dissociation of L and LEG 3 L-which we hypothesized to be too short to span the distance between binding sites of the dimer-from (CA) 2 using the same assay The titration is described by a thermodynamic scheme containing four (CA) 2 -ligand complexes (i.e., (CA) 2 ·(DNSA) 2 , (CA) 2 ·LRL·DNSA, (CA) 2 ·LRL cyc , and (CA) 2 ·(LRL) 2 ) and three equilibria that connect them (K 1 , K 2 , and K 3 ) (Figure 5a ). We fit the mathematical description of Figure 5a (eq S21 in Supporting Information) to the titration data using K d intra as the sole adjustable parameter ( Table 1 of its interaction with a bivalent protein. 32 In their view, bivalent ligands of less than ideal length can span the distance between two sites of a bivalent receptor but are too short to allow the binding moieties of the bivalent ligand to achieve simultaneously the optimal orientation in the binding sites. They hypothesized that these "short" bivalent ligands will lead to diminished avidity because the sum of the enthalpies of the two interactions will be less than 2ΔH°m ono . Lundquist and Toone also suggested that the strength of the bivalent interaction should be at a maximum when the length of the linker is "exactly" the appropriate length (but not longer) to allow both binding moieties of the ligand and both subunits of the receptor to achieve simultaneously optimal orientations.
Longer linkers, if the rotatable bonds in the linker are restricted upon the formation of the cyclic complex, diminish the strength of binding because of the unfavorable entropy of restricting rotatable bonds in the linker domain. In our previous work with a covalently tethered system, we found that the free energy of association decreased as the length of tether connecting ligand to protein increased. 22 The behavior we observe, in this system, for increasing Γ beyond 45 Å is consistent with our previous work. Without characterizing the enthalpic and entropic contributions to binding, however, we cannot evaluate the validity of the model of Lundquist and Toone; 32 although the trends we observe are consistent with their model.
Mixtures of (CA) 2 and LSar 4 L form insoluble aggregates at concentrations
needed for isothermal titration calorimetry. We attempted to measure the enthalpy of interaction between LRL and (CA) 2 using isothermal titration calorimetry (ITC). 33 We found that precipitates-which we detected as a milky-white suspension following the titration-are formed when (CA) 2 (5 µM, required for ITC) is titrated with a solution of LRL (50 μM). We infer from the formation of precipitates that intermolecular binding occurs at these concentrations to form protein-ligand complexes containing more than one (CA) 2 , although we cannot determine from the formation of precipitates alone the degree to which intermolecular binding competes with the intramolecular binding. Since has not yet been defined. 
Variation in

Analytical Ultracentrifugation (AUC).
The molecular weight of (CA) 2 with and without added LRL in solution was estimated by sedimentation equilibrium on a Beckman XL-I ultracentrifuge. Concentrations of (CA) 2 were fixed at 0.925 µM.
Samples were dissolved in 10 mM phosphate buffer (pH 7.40), containing 137 mM NaCl and 2.7 mM KCl. The samples were centrifuged at 6,000, 9,000 and 12,000 rpm for 22 Table S1 and data included in the Supporting Information. The labels correspond to the number of sarcosines units (n) in the linker. All values are the average of three or more independent experiments and the errors bars correspond to 90% confidence intervals according to t-statistics.
